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1 Introduction
Over the past decade or so, a number of observations have been interpreted as possible signals
of annihilating or decaying dark matter particles. Examples of such observations include the
511 keV emission from the Galactic Bulge [1], an excess of synchrotron emission known as
the WMAP Haze [2, 3], an excess of high energy positrons in the cosmic ray spectrum [4, 5],
a mono-energetic line of 130 GeV gamma rays from the Galactic Halo [6], and a 3.5 keV
X-ray line from Perseus and other galaxy clusters [7, 8]. Each of these anomalies, however,
has either failed to be confirmed by subsequent measurements [9, 10], or has been shown to
be quite plausibly explained by astrophysical phenomena [11–14].
In comparison to these other anomalous signals, the gamma-ray excess observed from
the Galactic Center by the Fermi Gamma-Ray Space Telescope stands out. This signal has
been studied in detail over the past seven years [15–25] and has been shown with high statis-
tical significance to exhibit a spectrum, morphology and overall intensity that is compatible
with that predicted from annihilating dark matter particles in the form of a ∼ 30-70 GeV
thermal relic distributed with a profile similar to that favored by numerical simulations. Al-
though astrophysical interpretations of this signal have been proposed (consisting of either
a large population of millisecond pulsars [26–33], or a series of recent leptonic cosmic-ray
outbursts [34–36]), these explanations require either a significant degree of tuning in their
parameters [34], or pulsar populations which are very different from those observed in the
environments of globular clusters or in the field of the Milky Way [26, 31, 32]. In addition,
some modest support for a dark matter interpretation of this signal has recently appeared
in the form of excesses in the cosmic-ray antiproton spectrum [37–39], in the gamma-ray
emission from the dwarf spheroidal galaxies Reticulum II and Tucana III [40–44], and from
the observation of spatially extended gamma-ray emission from two dark matter subhalo can-
didates [45–48]. At this point in time, however, there is no clear resolution to the question
of the origin of the Galactic Center excess.
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Dark Matter Mediator Interactions Direct Detection
Dirac Fermion, χ Spin-0 χ¯γ5χ, f¯f σSI ∝ (q/2mχ)2
Majorana Fermion, χ Spin-0 χ¯γ5χ, f¯f σSI ∝ (q/2mχ)2
Dirac Fermion, χ Spin-0 χ¯γ5χ, f¯γ5f σSD ∝ (q2/4mnmχ)2
Majorana Fermion, χ Spin-0 χ¯γ5χ, f¯γ5f σSD ∝ (q2/4mnmχ)2
Complex Scalar, φ Spin-0 φ†φ, f¯γ5f σSD ∝ (q/2mn)2
Real Scalar, φ Spin-0 φ2, f¯γ5f σSD ∝ (q/2mn)2
Complex Vector, X Spin-0 X†µXµ, f¯γ5f σSD ∝ (q/2mn)2
Real Vector, X Spin-0 XµX
µ, f¯γ5f σSD ∝ (q/2mn)2
Dirac Fermion, χ Spin-1 χ¯γµχ, b¯γµb σSI ∼ loop (vector)
Dirac Fermion, χ Spin-1 χ¯γµχ, f¯γµγ
5f σSD ∝ (q/2mn)2 or (q/2mχ)2
Dirac Fermion, χ Spin-1 χ¯γµγ5χ, f¯γµγ
5f σSD ∼ 1
Majorana Fermion, χ Spin-1 χ¯γµγ5χ, f¯γµγ
5f σSD ∼ 1
Dirac Fermion, χ Spin-0 (t-ch.) χ¯(1± γ5)b σSI ∝ loop (vector)
Dirac Fermion, χ Spin-1 (t-ch.) χ¯γµ(1± γ5)b σSI ∝ loop (vector)
Complex Vector, X Spin-1/2 (t-ch.) X†µγµ(1± γ5)b σSI ∝ loop (vector)
Real Vector, X Spin-1/2 (t-ch.) Xµγ
µ(1± γ5)b σSI ∝ loop (vector)
Table 1. A summary of the simplified models identified in Ref. [49] as being potentially capable of
generating the observed characteristics of the Galactic Center gamma-ray excess without violating
collider or direct detection constraints (as of June 2014). For each model, we list the nature of the
dark matter candidate and the mediator, as well as the form of the mediator’s interactions. In the final
column, we list whether the leading elastic scattering cross section with nuclei is spin-independent
(SI) or spin-dependent (SD) and whether it is suppressed by powers of momentum, q, or by loops.
Many groups have studied dark matter models that are capable of generating the ob-
served features of the Galactic Center excess (for an incomplete list, see Refs. [49–67]). In this
study, we follow an approach similar to that taken in Ref. [49], and consider an exhaustive
list of simplified models that are capable of generating the observed gamma-ray excess while
remaining consistent with all constraints from collider and direct detection experiments. Also
following Ref. [49], we choose to not consider hidden sector models in this study, in which
the dark matter annihilates to unstable particles which reside in the hidden sector, without
sizable couplings to the Standard Model (SM) [59, 62, 63]. While such scenarios certainly
remain viable, we consider them to be beyond the scope of this work.
The models found in Ref. [49] to be compatible with existing constraints from direct
detection and collider experiments are listed in Table 1, and can be divided into three cate-
gories. First, there are models in which the dark matter annihilates into SM quarks through
the s-channel exchange of a spin-zero mediator with pseudoscalar couplings. These models
allow for an unsuppressed (s-wave) low-velocity annihilation cross section while generating a
cross section for elastic scattering with nuclei that is suppressed by either two or four powers
of momentum, thus evading direct detection constraints. In the second class of models, the
dark matter annihilates through the s-channel exchange of a vector boson. In this case, it was
found that direct detection constraints could be evaded if the mediator couples axially with
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quarks or couples only to the third generation. Lastly, there are models in which the dark
matter annihilates to b-quarks through the t-channel exchange of a colored and electrically
charged mediator.
In this paper, we revisit this collection of dark matter models, applying updated con-
straints from the Large Hadron Collider (LHC) and other collider experiments, in addition
to recent constraints from the direct detection experiments LUX [68] and PandaX-II [69].
We find that many of the models previously considered within the context of the Galactic
Center excess are now excluded by a combination of these constraints.
2 Constraints
In this section, we summarize the constraints that we apply in this study. In particular,
we consider constraints from the LHC and other accelerators, as derived from searches for
mono-X events with missing energy (where X denotes a jet, photon, or Z), di-jet resonances,
di-lepton resonances, exotic Higgs decays, sbottom searches, and exotic upsilon decays [70–
80]. We also summarize the current status of direct searches for dark matter, including the
recent constraints presented by the LUX [68] and PandaX-II [69] Collaborations.
2.1 LHC
Searches at CMS and ATLAS provide some of the most stringent constraints on dark matter,
as well as on the particles that mediate the interactions of dark matter. In this study, we
consider the bounds from the LHC as applied to a wide range of simplified models, the most
stringent of which arise from CMS searches for mono-jet+MET, di-jet resonances, di-lepton
resonances, di-tau resonances, and sbottom searches. Although we also considered constraints
from the ATLAS Collaboration, they were slightly less restrictive than those from CMS.
LHC limits are typically published in one of two ways: (1) assuming a particular model
and choice of couplings, a limit is presented on the parameter space in the dark matter
mass-mediator mass plane, or (2) a limit is presented on the product of the production cross
section and the branching fraction for a particular process. In this study, we will present our
results in terms of the mediator mass and the product of the dark matter-mediator and SM-
mediator couplings. Thus applying limits from the LHC generally requires translating these
bounds into the parameter space under consideration. To calculate the relevant production
cross sections and branching ratios, models are built using FeynRules [81] and subsequently
imported into MadGraph5 aMC@NLO [82, 83]. When necessary, we implement PYTHIA
8 [84] to hadronize the final state particles and DELPHES [85] to simulate the detector
response. As appropriate, we apply the published cuts on MET, final state momentum, and
final state rapidity in our calculations. Throughout this study, we calculate and present all
LHC constraints at the 95% confidence level.
In scenarios with heavy mediators, it is not uncommon for the width of the mediator
to be unacceptably large (i.e. as large or larger than its mass). Such widths are clearly
not physical and may indicate the presence of additional particles or interactions [86–90].
Imposing unitarity and gauge invariance often restricts the mass of such additional particles
to be of the same order of magnitude as the other dark sector particles, making it difficult
to define the properties of these new particles such that they are beyond the reach of the
LHC. Although the construction of more complicated dark sectors is beyond the scope of
the work, we emphasize that it is likely that constraints derived on such models would be
more restrictive than those derived here. Throughout this study, in order to maintain the
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validity of the theory in this region of parameter space, we apply LHC constraints assuming
Γ/m = 0.1 whenever the width of the mediator would otherwise exceed this value.
2.2 LEP-II
Constraints from LEP-II on Higgs bosons in the mass range between 10 GeV and 100 GeV
are extremely constraining for a wide range of beyond the SM physics scenarios. In this
study we consider such limits as derived from searches for a light Higgs decaying to bb¯ [79].
Although powerful, these constraints are rather model dependent, and generally rely on the
scalar mediator’s coupling to the SM gauge bosons. LEP-II constraints are presented at the
95% confidence level throughout this work, and assume a coupling to the Z-boson identical
to that of the SM Higgs.
2.3 BaBar
We also consider in this study constraints derived from BaBar on upsilon decays to light scalar
or pseudoscalar particles, in particular focusing on channels where the mediator subsequently
decays to hadrons, muons, taus or charm quarks [91–94]. We consider relativistic and QCD
corrections for the decay of a vector meson as described in Ref. [80]. We note that the µ+µ−
channel provides the strongest constraints, but the precise values of the branching ratios
of such light scalars are not well known (see e.g. Refs. [80, 95]). Here, we conservatively
assume a 100% branching ratio to hadrons in the mass range of 1 GeV . mA . 2mτ . This
is conservative in the sense that introducing a small branching ratio to muons strengthens
the resulting bound. For 2mτ . mA < 9 GeV, we use the branching ratios as recently
computed in Ref. [96] which incorporate QCD corrections. We find similar constraints as
those previously obtained in the recent analysis of Refs. [80] and [95] for pseudoscalar and
scalar mediators, respectively. All BaBar constraints are presented at the 90% confidence
level in this study.
2.4 Direct Detection
The constraints utilized in this study on the dark matter’s elastic scattering cross section
with nuclei have been derived from the latest results of the LUX Collaboration [68], which are
only slightly more stringent than those recently presented by the PANDA-X experiment [69].
For all tree-level cross sections, we use the expressions as presented in Appendices B
and C of Ref. [49]. One-loop cross sections for the scalar mediated t-channel interaction and
the s-channel vector mediated loop-suppressed interaction are provided in Refs. [54] and [97],
respectively. The remaining t-channel models, which are also loop suppressed, suffer from
the problem that they are not generically gauge invariant. Consequently, scattering cross
sections for these models are calculated by introducing a factor that suppresses the cross
section by the same factor that would appear if the interaction were mediated by a massive
photon, i.e.
(
g2 log(m2b/m
2
med)/(64pi
2m2med)
)2
.
For each model, we calculate the expected number of events in a xenon target following
the procedure outlined in Ref. [98], adopting a standard Maxwellian velocity distribution
(v0 = 220 km/s, vesc = 544 km/s, v¯Earth = 245 km/s), a local density of 0.3 GeV/cm
3 and an
exposure of 3.35 × 104 kg-day. Form factors and nuclear responses are calculated following
the procedures outlined in Refs. [99, 100]. We take the efficiency for nuclear recoils as a
function of energy from Fig. 2 of Ref. [68], and derive bounds at the 90% confidence level,
assuming 4.2 expected background events and applying Poisson statistics.
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Figure 1. Constraints on a 50 GeV Dirac (left) and Majorana (right) dark matter candidate which
annihilates through a spin-0 mediator with a pseudoscalar coupling to the dark matter and a (uni-
versal) scalar coupling to SM fermions. The black dashed (solid) lines include (neglect) annihilations
to mediator pairs for several values of λr ≡ λχ/λb. The upper boundary of the shaded black re-
gion is where the correct thermal relic abundance is obtained, whereas along the lower boundary
the low-velocity annihilation cross section is at its minimum value required to potentially generate
the observed gamma-ray excess. The constraints from CMS assume λr = 1/3 (solid) and λr = 3
(dash-dot), and are compared with the bounds enforcing ΓA/mA = 0.1 (purple) for the same coupling
ratios. LEP and BaBar constraints are presented for λr = 10 and 1, respectively.
3 Pseudoscalar Mediated Dark Matter
In this section, we will consider models in which the dark matter annihilates through the
s-channel exchange of a spin-0 mediator, A. We begin by considering a fermionic dark matter
candidate, χ, with interactions as described by the following Lagrangian:
L ⊃
aχ¯λχpiγ5χ+∑
f
yf f¯(λfs + λfpiγ
5)f
A , (3.1)
where a = 1(1/2) for a Dirac (Majorana) dark matter candidate. Although we describe the
interactions of the SM fermions in terms of their yukawas, yf ≡
√
2mf/v, the quantities
λfs and λfp allow for arbitrary values of each coupling. Here, v is the SM Higgs vacuum
expectation value, i.e. v ' 246 GeV. Assuming that λbs or λbp is not much smaller than that
of the other SM fermions, dark matter will annihilate largely to bb¯ in this model. For this
dominant annihilation channel, a dark matter mass of approximately 50 GeV is required to
generate the observed spectral shape of the Galactic Center excess [17, 101], and we adopt
this value throughout this section.
In the left (right) frame of Fig. 1, we plot the constraints on the parameter space
of a simplified model with dark matter in the form of a Dirac (Majorana) fermion and a
mediator with a pseudoscalar coupling to the dark matter (χ¯γ5χ) and scalar couplings to
SM fermions (f¯f), assuming a common scalar coupling to all SM fermions (as motivated
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Figure 2. As in Fig. 1 but for tanβ = 10, where tanβ is defined as the ratio of the mediator’s
couplings to down-type and up-type fermions.
by minimal flavor violation), λfs
1. In each frame, the upper boundary of the shaded black
region represents the the value of the product of the couplings that is required to generate
an acceptable thermal relic abundance, assuming standard cosmology. The lower boundary
of this region corresponds to a more relaxed assumption, requiring only that the low-velocity
annihilation cross section is large enough to potentially generate the observed gamma-ray
excess, 〈σχχv〉 > 3 × 10−27 cm3/s (or twice this value in the case of a Dirac particle). If
mA < mχ, dark matter can annihilate directly to mediator pairs via t-channel χ exchange.
In these figures, we plot as dashed black lines the parameter space which generates the
observed thermal relic abundance for several values of λr ≡ λχ/λb. One should keep in
mind that if the dark matter annihilates significantly to mediator pairs in the low-velocity
limit, a higher value for the dark matter mass is generally required in order for the resulting
gamma-ray spectrum to be consistent with the observed features of the Galactic Center
excess [53, 62, 63]. We compare these curves to the constraints derived from LUX (blue),
CMS/LHC (red), LEP (green), and BaBar (yellow).
In the case of CMS, the most stringent constraint in this class of models derives from
searches for events with a single jet and missing transverse energy (MET). As the sensitivity
of collider searches depends not only on the product of the couplings, but also on their
ratio, we present constraints for multiple values of λr. In Fig. 1, the solid (dot-dashed)
lines correspond to CMS constraints for λr = 1/3 (3), while LEP and BaBar constraints are
derived assuming λr = 10 and λr = 1, respectively. The regions bounded by a purple solid
(dot-dashed) line represent those in which the calculated width of the mediator exceeds one
tenth of its mass, for λr = 1/3 (3). As described in Sec. 2.1, we set ΓA = 0.1mA throughout
this region of parameter space, and take this to be indicative of additional particles and/or
interactions that are not described by our simplified model.
The constraints from LEP rely on an effective coupling of the SM Z to ZA, and are
1Note that the product of couplings in these models be quite large, occasionally appearing to violate
perturbativity. This need not be the case, however, as we have not included the yukawa contribution to the
SM coupling, which may significantly suppress this product.
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Figure 3. As in Fig. 1 but for a mediator with purely pseudoscalar couplings. The upper (lower)
frames correspond to tanβ = 1 (10).
thus highly model dependent. While this constraint does apply, for example, to the case in
which the couplings of the A to SM fermions are the result of mixing with the SM Higgs,
there are many other scenarios in which a spin-0 mediator can couple to the SM fermions
while having a suppressed coupling to the Z.
Several of the constraints shown in Fig. 1 depend on the ratios of the various couplings
of the mediator. In particular, since the LHC constraints are dominated by diagrams in
which a scalar mediator is produced through a top quark loop, such constraints may be
much weaker if the top quark coupling is suppressed. To illustrate this, we plot in Fig. 2 the
derived constraints assuming tanβ = 10, where tanβ is defined as the ratio of the mediator’s
couplings to down-type and up-type fermions, tanβ ≡ λd/λu. While bounds from LEP, LUX
and BaBar are not significantly affected by the value of tanβ, mono-jet+MET bounds can
be noticeably reduced, in particular in the case of λr  1. Increasing tanβ also reduces the
width of the mediator for mA > 2mt, potentially opening up additional parameter space.
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We repeat this exercise in Fig. 3 for the case of a mediator with pseudoscalar couplings
to both the dark matter and to SM fermions. In this case, the dark matter’s elastic scattering
cross section with nuclei is both spin-dependent and heavily momentum suppressed (σSD ∝
q4), making direct detection experiments largely insensitive to these models. The bounds
derived from colliders, however, are relatively insensitive to whether SM fermions couple via
a scalar or pseudoscalar interaction. We emphasize that, as in the previous case, a large
portion of parameter space remains viable for this model, especially should the top-mediator
coupling be suppressed.
Next, we consider dark matter in the form of a scalar φ, with a Lagrangian given by:
L ⊃
aµφ|φ|2 +∑
f
yf f¯λfpiγ
5f
A , (3.2)
where a = 1(1/2) for a complex (real) dark matter particle.
The phenomenology of this model is summarized in Fig. 4, for the cases of a complex
(left frame) or real (right frame) scalar. LHC signatures for this model are rather different
from in the case of fermionic dark matter as the decay of the spin-0 mediator to dark matter is
heavily suppressed. Instead, the dominant constraint from the LHC results from searches for
a Higgs-like particle decaying to τ+τ−. At very large mediators masses, however, (mA & 600
GeV), the branching ratio to τ+τ− is reduced and di-jet resonances become slightly more
constraining (this accounts for the dip-like feature appearing in the CMS bound). As in the
previous scenarios, LEP bounds on scalar decays to bb¯ are very constraining in the region
10 GeV < mA < 100 GeV, but only apply in models in which the mediator couples either
directly or indirectly to the Z.
In the lower frames of Fig. 4 , we show how these bounds change if the mediator does
not couple to leptons and has an asymmetric coupling to up-like and down-like quarks with
tanβ = 2. This choice can open a window of parameter space for 100 GeV . mA . 2mt,
depending on the precise values of tanβ and λr.
Next, we consider the case of vector dark matter Xµ:
L ⊃
aµXXµX†µ +∑
f
yf f¯λfpiγ
5f
A , (3.3)
where a = 1(1/2) for a complex (real) dark matter particle.
Constraints on this model are shown in Fig. 5. The dominant decay mode of the
mediator in this model, and thus the most constraining LHC search, depends on the mass of
the mediator. For mA ' 100 GeV the dominant decay is to dark matter, and thus the most
constraining search is that based on mono-jet+MET events. This picture is very different for
larger mediator masses, however, for which constraints based on searches for Higgs bosons
decaying to τ+τ− become more stringent. Both of these search channels significantly exclude
mediator masses above 100 GeV in this class of models, for both λr = 3 and λr = 1/3.
Similar to in the scalar dark matter case, however, we can relax some of these constraints by
suppressing the mediator’s couplings to leptons and/or by increasing tanβ (as shown in the
lower frames of Fig. 5).
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Figure 4. As in the previous figures, but for a 50 GeV complex (left) or real (right) scalar dark
matter candidate, which annihilates through a spin-0 mediator with a pseudoscalar coupling to SM
fermions. In the upper frames, we take the mediator’s couplings to be equal for all SM fermions,
whereas in the lower frames the mediator does not couple to leptons and tanβ = 2.
4 Vector Mediated Dark Matter
In this section we consider fermonic dark matter annihilating through the s-channel exchange
of a spin-1 mediator, Vµ, with Lagrangians of the form [49, 52]:
L ⊃
aχ¯γµ(gχv + gχaγ5)χ+∑
f
f¯γµ(gfv + gfaγ
5)f
Vµ , (4.1)
where a = 1(1/2) for a Dirac (Majorana) dark matter candidate. For the case of comparable
couplings to various SM fermions this class of models require a ' 35 GeV dark matter
candidate to generate a signal consistent with the Galactic Center excess. Unless stated
otherwise, we will adopt this value for the dark matter mass throughout this section.
– 9 –
LUX
LEP
CMS
ΓBaBar
λr = 10
λr = 100
Xμ†Xμ, fγ5f
mX = 50 GeV
1. 10. 100. 1000.
0.1
1.
10.
100.
1000.
mA [GeV]
μ Xλ fp
[GeV
] LUX LEP
CMS
ΓBaBar
λr = 10
λr = 100
XμXμ, fγ5f
mX = 50 GeV
1. 10. 100. 1000.
0.1
1.
10.
100.
1000.
mA [GeV]
μ Xλ fp
[GeV
]
LUX
LEP
CMS
BaBar
Γ
λr = 10
λr = 100
Xμ†Xμ, fγ5f
mX = 50 GeV
tanβ = 10
1. 10. 100. 1000.
0.1
1.
10.
100.
1000.
mA [GeV]
μ Xλ ds
[GeV
] LUX
LEP
CMS
Γ
BaBar
λr = 10
λr = 100
XμXμ, fγ5f
mX = 50 GeV
tanβ = 10
1. 10. 100. 1000.
0.1
1.
10.
100.
1000.
mA [GeV]
μ Xλ ds
[GeV
]
Figure 5. As in previous figures, but for a 50 GeV complex (left) and real (right) vector dark matter
candidate which annihilates through a spin-0 mediator with a pseudoscalar coupling to SM fermions.
In the upper frames, we take the mediator’s couplings to be equal for all SM fermions, whereas in the
lower frames the mediator does not couple to leptons and tanβ = 10.
We begin in Fig. 6 by considering the constraints on a Dirac (left) and Majorana (right)
dark matter candidate that annihilates through a mediator with purely axial couplings. As
spin-dependent elastic scattering with nuclei is unsuppressed in this class of models2, current
LUX constraints force such models to either live on resonance (mχ ' mV /2), or have a
mediator mass mV < mχ and with λr  1. LHC constraints on this model from searches for
di-lepton resonances (mV > 400 GeV) and mono-jet+MET searches (100 GeV < mV < 400
GeV) limit mediator masses in this model to be below ' 100 GeV. LHC bounds are shown
in this figure for λr = 1/3 (solid) and gχv = 1 (i.e. λr  1) (dotted). Collider constraints for
2At the nuclear scale, one would in general expect vector couplings to arise at the one-loop level, leading
to stronger direct detection bounds [102]. It may be possible to avoid this in some models, however, and thus
we conservatively plot direct detection bounds assuming only axial couplings.
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Figure 6. As in previous figures, but for a 35 GeV Dirac (left) and Majorana (right) dark matter
candidate which annihilates through a spin-1 mediator with axial couplings to both dark matter and
(universally) to SM fermions. In this figure, the dotted red (CMS) line corresponds to the case of
gχv = 1 (i.e. λr >> 1).
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Figure 7. As in previous figures, but for a 50 GeV Dirac dark matter candidate with vector
couplings to both dark matter and to b-quarks (left), and for a 35 GeV Dirac dark matter candidate
with vector and axial couplings to dark matter and (universally) to SM fermions, respectively (right).
LHC bounds are shown for λr = 1/3 (solid) and gχv = 1 (i.e. λr  1) (dotted).
this model are difficult to evade as they do not rely exclusively on couplings to leptons or to
specific species of quarks. Such bounds could be evaded, however, if the mediator were to
couple exclusively to third generation quarks. An example of such a model is shown in the left
frame of Fig. 7, where we consider a 50 GeV Dirac dark matter candidate that annihilates
through a spin-1 mediator with vector couplings to both dark matter and b-quarks (and
possibly also t-quarks). While the leading order elastic scattering diagram arises at loop
level in this case, the vector coupling leads to stringent constraints from direct detection
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experiments. The dominant constraints from the LHC on vector mediated models typically
arise from searches for mono-jet+MET events and di-lepton resonances. Since the production
of the vector mediator is in most cases dominated by valence quarks, however, the sensitivity
of collider searches is heavily suppressed and thus do not probe significant parameter space
in this model. We do not show any LHC constraints in this figure.
In the right panel of Fig. 7, we consider the phenomenology of models where the me-
diator couples to Dirac dark matter and fermions with a vector and an axial coupling,
respectively. The elastic scattering cross section in this case is both spin-dependent and
momentum suppressed, and thus such experiments have only recently begun probing this
model. LHC constraints from di-lepton resonances (mV > 400 GeV) and mono-jet+MET
searches (100 GeV < mV < 400 GeV) are, as before, extremely constraining. That being
said, di-lepton constraints can be easily avoided if the mediator couples only to quarks, and
mono-jet constraints can be significantly relaxed if the mediator couples, for example, only to
the third generation. LHC bounds are shown for λr = 1/3 (solid) and gχv = 1 (i.e. λr  1)
(dotted).
5 Dark Matter Annihilating Through t-Channel Mediators
Finally, we consider four scenarios in which the dark matter annihilates through the t-channel
exchange of a colored and electrically charged mediator to bb¯ [54, 103, 104]. These cases
consist of a Dirac dark matter candidate, χ, and spin-0 mediator, A:
L ⊃ λχχ¯(1 + γ5)fA+ λχf¯(1− γ5)χA† , (5.1)
a Dirac dark matter candidate, χ, and a spin-1 mediator, Vµ:
L ⊃ gχχ¯γµ(1 + γ5)fVµ + gχf¯γµ(1− γ5)χV †µ (5.2)
and a real or complex vector dark matter candidate, Xµ, with a fermionic mediator, ψ:
L ⊃ gX ψ¯γµ(1 + γ5)fX†µ + gX f¯γµ(1− γ5)ψXµ . (5.3)
Note that we consider these specific combinations of scalar and pseudoscalar or vector
and axial couplings as they are the only examples for which the scalar contact interaction
with nuclei is supressed. Instead, elastic scattering occurs in each of these models through a
loop-suppressed vector coupling [49, 54, 105].
In Fig. 8, we summarize the phenomenology of this class of models. In the upper left
frame we consider the case of a Dirac dark matter particle and spin-0 mediator. In the
remaining frames of this figure, we summarize the phenomenology of models with a Dirac
dark matter candidate and a vector mediator (upper right), a complex vector dark matter
candidate with a fermonic mediator (lower left), or a a real vector dark matter candidate with
a fermonic mediator (lower right). In each case, we find that the combination of constraints
from the CMS sbottom search and LUX exclude the entire parameter space of this class of
models. We also note that the scenarios with a vector dark matter candidate are rather
unphysical over much of the parameter space shown due to the very large width of the
mediator.
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Figure 8. As in previous figures, but for a 50 GeV dark matter candidate which annihilates through
a t-channel diagram to bb¯. In the upper left (right) frame, we consider the case of a Dirac dark matter
candidate with a scalar (vector) mediator. In the lower left (right) frame, the dark matter is a real
(complex) vector, mediated by a Dirac fermion. The entire parameter space of these models is ruled
out by the combined results of LUX and sbottom searches at the LHC.
6 Summary and Conclusions
In this study, we have revisited the range of dark matter scenarios that could potentially
generate the observed characteristics of the Galactic Center gamma-ray excess, without con-
flicting with any constraints from colliders or direct detection experiments. We have taken
a simplified models approach, considering the 16 scenarios that were previously found to be
viable in Ref. [49] (and listed in Table 1). Each of these models features a low-velocity dark
matter annihilation cross section that is unsuppressed (i.e. s-wave), and was found to be
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consistent with all constraints as of 2014. Note that we have not considered any hidden sec-
tor models (i.e. models in which the dark matter annihilates into unstable particles without
sizable couplings to the Standard Model) which, although potentially viable [59, 62, 63], are
beyond the scope of this work.
The main results of this study can be summarized as follows:
• Scalar, fermonic, or vector dark matter that annihilates through a mediator with pseu-
doscalar couplings can in many cases evade all current constraints, for mediator masses
between ∼10 GeV and several hundred GeV.
• Dark matter that annihilates through a spin-1 mediator is ruled out by the results
of LUX/PandaX-II unless the mass of the mediator is approximately equal to twice
the mass of the dark matter (near an annihilation resonance). An exception to this
conclusion is found in the case of a mediator with a purely vector coupling to the dark
matter and a purely axial coupling to Standard Model fermions, which is potentially
viable for mediator masses between roughly ∼ 1 GeV and 200 GeV.
• All scenarios in which the dark matter annihilates through a t-channel process are now
ruled out by a combination of constraints from LUX/PandaX-II and the LHC.
• Constraints from LEP-II and BaBar restrict many of the pseudoscalar mediated scenar-
ios considered in this study. In particular, mediators with a mass in the ∼10-100 GeV
range are often ruled out by LEP if they couple significantly to the Standard Model
Z (such as in scenarios in which the mediator obtains its couplings to Standard Model
fermions through mixing with the Higgs).
Dark matter scenarios that are capable of generating the Galactic Center excess are
now significantly more constrained than they were even a few years ago. As the sensitivity
of XENON1T, LZ and other direct detection experiments, as well as the LHC, continues
to improve, either a discovery will be made, or the vast majority of the currently viable
parameter space identified in this study will be excluded. If such searches do advance without
the appearance of new signals, hidden sector scenarios will become increasingly attractive,
in particular within the context of the Galactic Center.
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